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Fig.9Defintionofamolecularcoodinatesystem【xyz]
relatiVetothelaboratoryframe正x'yぐz']汀hezLaxis
representsthemembranenomal,thedir《rctionofthe
appliedmagneticfieldB,isdefinedbyangles(θB,0)
and(θ,(P)inIx'y,zl]and[xyz】,respectively,the
dir㏄tionofDl2in{xyz']byangles(θD,φ),and
angleξgivestherotationangleofthex-axisfrom
thezz`Plane.
(66)
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SincetheorientedPSIlmembraneshavenoorderwith
respecttoarotationφatoUndthemembranenormal,all
thetermsineqs47and48proportionaltocosφ,sinφand
cos2φcancauseonlyalinebroadeningasfarasD12and
Ei2aresmall,andtheothertemmscandoaθB-
dependentlevelshift.Asadistinctivefbature{othetwo-
halfspinssystemiwefindtwo"magicangles"f()rθD
andξ,i.e.'54.7。and450,resp㏄tively,atwhichtheaxial
andrhombiccomponentsintheθB-dependentlevelshift
vanish,andthereremainsonlyaninhomogeneousline
broadeningdueto
45。
90。
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Fig.10Apredictedo1ientationdependehceoftheEPR
signa1廿omthemodelA2cMn4-radicalcomplexi血
Ca2+-depletedPSIImembranes(seetexりwhose
principalaxesofDl2tensorareassumedtobe
orientedneareo完一660andξ=200.Theindicated
angleisOBdefinedinFig.9.
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Itshouldbenotedthatthismagicahgleeffectwill
becomesignificantwheneverleDlandIξIarenotsofar
(pOssibly,within±15。)from57.4。and45。,resp㏄tively.
ThisispartlybecauSeth¢membranescannotavo輌da
partialdisorientationduetomos逗cspread.
Forinstance,inthecaseofmodetA2cwith
JI2=150G,Dl2=38・8GandE12=26・5Gatθo=-63。,
we`mayputOD叫P=66.16。andξ=20。aslikely.
assumptionsbasedonrecentEXAFSdataindicatingthat
the2.7Aand3.3AMn-Mnbondswouldbe
perpendicularandparqlleltothemembra皿enomal,
respectively[4].InFig.10,weshowtheorientation
dependenceoftheS3'signalsatθB=Oo,450and900,
respectively,whicharisefromthisMn4-radicalcomp▲ex
specifiedbythesamesetoftheotherparameterSas
utjlizedinFig.7.Thus,wefinddhattheoriehtation
dependenceofthepeakpositionmustbesoweakif也e
presenttheoryisco頂rect.
(iv)EPRSpec〃u∬s輌mutatゴons
TheconditionofsmalldipOlarinteractionfor
thedoubletcomponentwasfoundtobemostsatisfied
bysuchamodelA2cMnclusterwith一θo=61-64。as
depictedinFig.4A:inthismodel,thecenterofthe
radicalspinsurprisinglycoincideswithamiddlepointof
the=1.46AO-Obondintheradical,(HOOH・)',which
isreasonablypresumedtobemorestronglyboundon
theMnb(1V)sitethanontheMna(111)sitetofbrman
asymmetricthirdbridging[igandinthedi一μ一〇xobddged
Ivinh(III)-Mnb(IV)(limericsubunit.Theotherpossibility
ofanHOHOH・radicalasthethirdbridgingligandis
muchlower,becauseahydrogeribondinthisligand
wouldbeveryshort(<2.50A)andnear-sy血ne㎞c[36}
andhencethecenteroftheradicalspin㎞ustbe
describedbythemuch-less-pmbablemodelA2b.
CircumstantialevidencesppgferringTnoqelA2cmaybe
providedbythefollowingexperimentalfindipgs:(1)a
(67)
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UVabsorptionspectruminducedbyflashilluminationof
dark-adaptedCa2+-depletedPSIIissimilar【23】tothat
generatedbythecovalentadditionofanOH・radicalto
HisinaqueoussolutionatpH9.2{24]・whichmaybein
turnsirnilartothe(HOOH・)'radicalcovalentlybonded
tothedi{p-oxo)Mn2(III,IV)subunit(seeSection6);and
(2)MnK-edgeXANESspectrainducedbyaseriesof
flashilluminationoftheCa2+-depletedPSIImembranes
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Fig.11ThebestsimulationofanobservedS3'signa1
23(v=9.4GHz),basedonthebinarymodelofJ12-
di由bution:te.{Jd=135G,△Bd=29qwd=0.65,
0。d・-65。}加d{」w・2800q,tYw・201G,w。・
0.35,θow=-50。}fbrthedoubletandw輌ng
components,respectively.Boththedoublet(A)and
thewing(B)components(thicksolidlines)are
decombolutedintofourtransitions(non-solidlines).
Seetextfortheotherparameters.(C)The
theoretical(thicksolidline)andexperimental(thin
solidline)sPectra.
showedanabnormalstepwiseupshiftoftheK-edge-
energyj.e.=1.OeVbyoneflashupontheS1'toS21
tr nsitionandssO.9eVintotalbymanyflashestoreach
asteadystate,possibSyS3'stateI29】,indicatingthata
Mn(III)orMn(IV)ion,oritsdirectligandintheMn
c1山stercouldbeoxidizeduptotwoelectronsbutfurther
eventswereblocked:thesameconclusionwasderived
fbrthenomalS2toS3transitiontoo[28輻
Inspiteofthepossiblemulti-componentoriginof
thewingsoftheS3,signal,theEPRspectralsimulations
basedonabinarymodelofJi2-dis血ibution,which
involvestwosetsofparameters,{Jd,△Bd,wd,θod}fbr
thedoubletcomponentand{Jw,△Bw,ww,θow}{br
thewingcomponentineq46,wiHprovideuse血ll
in{brmationnotonlyonJd(=100-200G)and△Bdbut
alsoontherelat三vepopu】ationwdlww,providedthat
θod=-650(seeabove),andrepresentatively;θow=-500,
Jw=2800G(》JI),and△Bw=200G(胃 △Jd*Jw/Jd).ln
addition,thehypedinecouplingconstantsoffourMn
ions{ai;i=a-d}aretakenasequaltothepreviousones,
andthoseoftwoprotons{ak;k=e,f}inthe(HOOH・)】
radicalareforsimplicityassumedtobeequallyahalfof
thatinahydroxylradlcal[37]:i.e.a.=afx20G.As
depictedinFig.11,apowderedS3's▲gnal(athinsolid
lineinC)reportedinref23wasbestsimulatedtoobtain
animportantsetofparameters,{gl=1.98,g2=2.012,
Jd=135G,△Bd=29G,wd=0.65,ww=O.35}:here,the
theoreticalEPRspectrum(athicksolidlineinC)are
deconvo1咀edi血tothedoublet(athicksolidlineinA)
andwing(athicksolidlineinB)components,eachof
whichisfUrtherdeconvolutedintofour-transition
componentsasindicated.Wenotethat(1)thesmall
asymmetryoftheS3'signalinFig.11iswellreproduced
bythesecondorderperturbat輌oncorrectionduetothe
nuclearhyperfinecOuplingalone;(2)thevalueof
92=2.011isreasonablycloSertothefreeelectrong-
value(ge=2.0023)thantheg-valueofHO2・,2.015【38]
(s㏄Discussion);and(3)thedoubletcompOnentarises
fromca、65%ofEPR-susceptibleMn-radicalcomplexes
intheS3`state.
Then,itwouldbeinterestingtopredictthe
isotopeeffectof(DOOD・)-ontheS3'signal,esp㏄ially
onitsdoubletcomponent.Whenproton(1=112)is
(68)
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exchangedbydeuterium(1=1),thehyperfinecoupling
constantswillbesignificantlyreducedintoaessaf=3G,
asestimatedfrom=781508*20GI39】.Neve戊heless,"
wasfbun(Hhat也edoubletpeakintens"yoftheS3I
signalisinc既sedon1yslightly(告11%)bytheHID
・isotopicreplacement
,andtheotherportionw▲11not
changealmostThus,anyatternpttodetec杜hissmall
isotopeef岳ctonsuchaweakS3'signalis爬quiredtobe
especiallycareful.Inaddition,itshouldbenotedthatthe
wingcompOnentisasymme垣callydi迦b顧edw』
overallwidth,950G,inagreementwiththeexperimental
one,910G口9|.
6.1〕喧scussionsandconclusions
Intheprevious§㏄tions,wehavedとvelopeda
unifiedtheoryofdleS3'signalarisingfromavarietyof
modifiedformsoftheS3stateinCa2+-depleted,C1--
depleted,andNH3-treatedsamples,andansweredtoa
questionwhythenormalS3stateisEPR-silent.The
theoryisbasedonthemostlikelyaSsumptionthat,in
boththenormalandthemodifiedS3-states,theMn
clustercanberegardedasacoupledspinsyStem
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Fig.12Thexyz-coordinatesyste血⑩describethe
anisotropicexchangeiriteractioAbetweeAaMn(III)
iOnin(口(p:oxo)Mn2(II1,1V)subunitandan
unpairedelectronintheΨ2-orbitalofabridging
radical,(HOOH・)一.
consistingofaspinSi=1/2Mn-tetramer,whichremains
essentiallythesamespinconfigurationasthatintheS2
statewithspinSF112[2],andaspinS2=1/2radical
boundtoitasadirectligandatsomeappropriatesite.
WehavequantUm-mechanicallyderivedaneffectivespin
hamiltOnianinvolvingtheeffectiveisotropic(」12S1'S2)
andanisotropic(S1・D12・S2)in缶ractionsastheessential
termsthatcansenSitivelyreflecttheconformationalstate
oftheMncomplexandtheradicalbindingstateざThe
n㏄essityofthisnewtheoryhasarisenf『omthefactthat
theS3'signalconsistsoftwodistinguishablecomponents,
called'`doublet`'and"wing'`,theformerexhibitinga
near-symmetricsplitbandindicativeofasmallnear-
isotropicinteraction(IJ121=100-200G》ID12り123▲and
thelatterextendingoveTnea]rlyahalfrangeofthedark
g.tablemultilipesignalindicativeofmuchs的ngerJ12
interactionthanthenuclearhype㎡inesplittings.andalso
伽mrecentflash-inducedXANESstudiesw註huseof
physiologicallynativePSllmembranesinthenormal
[28】andCa2+-deple{ed{29]preparations.indicatingthat
aMn(m)orMn(IV)ionoritsdirectligandwas
oxidizedupo皿theS2(S2`)→S3(Sゴ)transition,although
onlythelatterpossibility,i.e.血eoxidationofaligandat
specialsite(s),canbeconsistentw"htheS31signal・It
waspointedout(KusunokietaL[28]){hatthe6th
coordinationsiteofMna(田)orMnb(lV)i.oninthedi(隆
oxo)bri{1gedMn2(m,IV)microsu㎡facecanbethemost、
probablecandidate,because山eXANESK-edgeenergy
couldsensitivelyupshi負only.whentheligandwiththe
longestbondlengthisoxidizedtobemoretightlybound,
justastheoxidationofMn(III)iontoMn(IV)induces
thesho責eningofaMn-ligandbondresultinginthe
upshiftoftheK-edgeenergy.
Thetheory,however,contradictsanearlier
report【251statingthattheMnK-edgeXAFSspectrum
ofaPSIIpreparationpoisedinthe=35%S2and⇒5%
`'S
3"statewasthesameasthatpoisedinthe=100%S2
state:thisobservationapPearstohavebeenutilizedasa
supPor虚ngevidenceforan"S2'-plus-organicradicall'
mode1,wheretheorganicradicalwasnotallowedtobe
acovalent-bondedligand,becausewhoseoxidation
woulds仕engthenandshortentheMn-ligandbond
resultinginanappreciableupshiftormodificationof也e
(69)
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MnK-edgeXANESspecωm,andwasproposedtobea
佗mo紀His・+{231,Yz・+【26】andTry・+140].However,
itwasfUr血etpointedout(KusunokietaLI28Dthatthe
reportedEPRdataI25],whichwereusedtoevaluatethe
sampleprocedures.togenerateadoubleturnoverofPS
II,canbemorereasonablyre-evaluatedasfollOws,
yieldinganopPositeconclusionofnqS2→S3・
advancementdueto血oreductionofacceptorFe3+to
Fe2+d面ngtheilluminationat240K(step4):(Dthe
amplitUdeofthemultiiinesignal血aynotbeusedasa
quantitativemeasureoftheS2-statecomposit量on,
becauseitisknownthattheS2statemaybe
inhomogeneousasregardsthetotalspinoftheMn
cSustertakingaspinS=1/20rS=5/2(seeareView,
Debus[5】】,possiblydependinguponthetemperatureand
theduratiohtiMeOfthesarnpletreatment[2];(2)
DisappearanceoftheEPRsignalsatg=8andg=5.5,
associatedwithQ400(Fe3+)wasinterpretedl25〕as
indicatingthereductionofFe3+toFe2+,butthe
reductionofQAtoQA'itselfcanelimioatedlesesignals
owingtotheonsetof也eQ万spincoupledwiththeFe3+
spin;and(3)AnEPRsignalatg=1.9,wh▲chshowsa
lineshapesignificantlydifferentfromthatobservedfor
QA'co叩1edwithFe2+,canbemorereasonably
interpreted[25】asarisingfromQA'Fe3+than廿omQA≡
Fe2+.Ontheotherhand,thistheorywouldexplain,of
course,theapparentlackofMnoxidationd涌ngtheS2
toS3transitionintheNMR-protonrelaxation
enhancement[41]andYD+EPRspin-latticerelaxation
【421experiments,and,simultaneously,eventheflash-
inducedopticalabsorptionchangeoftheS2→S3
transitionwhichwasobservedtobesimilarto[43],or
somewhatdifferentfヤom【44]thatoftheS1→S2
transitionrepresentingtheoxidationofoneMn(III}ion
toMn(IV)(seeareviewofDebus[5】).Thissimilarlity
doesnot血ecessariSymeanthatoneMn(III)ionhasb㏄n
oxidizedupontheS2→S3transitiontoo」ndeed,thefact
thattheformerspec血mhighlycoincidentallyresembles
anabsorptionspectrumoftheintermediateformedfrom
thereactionofOHradicalwithhistidine{24】,avery
differentchemicalspecies,withrespecttothepeak
position,bandwidth,lineshapeandamplitUde,was
utilizedasanevidencefbrthattheS2'i→S3'transition
correspondstotheoxidationofHis{23▲.This
cotresponde皿ce,however,seemstobeinconsistentin
hefbllowingpoints:(i)theabsorptiollsp㏄㎞mofthe
suggested【imidazole-OH]・radicalcomplex(TableIII
inref44)consistsofonlytwoabsorptionbands,namely,
amainbandpeakedat310nm(4.OeV)possiblyarising
froman→π*甑nsitionintheimidazoleN3=C4double
bondandaweakerbandpeakedat410nm(3.02eV)
maybeascribabletotheC→BtransitioninOH【45】
addedtothepositionC5("]ianddoesnotcontainsuch
aweakshoulderpeakedat350nm(3.54eV)as
observedintheS2'→S3'differencespectrum、This
discrepancywasfirstpointedoutbyDekker{43】,
althoughanabsorptionspectrumofHis・wouldbein
generaldiffereptfromthatof{His-OHI・;and(ii)
Generally,thehigher由espindensityonoxygen也e
higherthegvalue,becauseiftheatomicshellislessthan
halffU11,theatomicspin-orbitcouplingconstantλis
positiveandg<ge,andiftheshe田smorethanhalf血111,
λ<Oandg>9e.Sinceanimidazoledoesnotcontam
oxyge皿,theg-valueofaHisoradicalisexpectedtobe
c1・set・9,」nfact,the[imidaz・1e-OHlradicalc・mplex
mentionedabovetakesthevalueofg=2.00226・・ge【44】
inagreementwiththeradicalspinprimarilylocalizedat
theC2atom.However,KingetaLl45]reported
significantlyhighergvalues血angefbrsoMeaminoacid
freeradicalsfermedbyoxidationofmetmyoglobins,e.g.
g=2.009fOrHis》ge;andg=2.010f{}rG▲y》{gx=2.0025,
gy=2・0038,gz=2・0044}fbrac巧9alofGlyI47LBut・in
theseexamples,theunpairedel㏄tron輌sexpectedtobe
localizedmainlyonthepeptidecarbonyi>C=0.Onthe
otherhand,thegvabeoftheradicalformedintheS31
statehasbeenfbundtobeg2=2.011,inaccordwiththe
originalestimate【23】.Thisvalue,however,seemstobe
toohightobeascribedtoHisimidagoleaswellasthe
otheraromaticaminoacidsresidues,allofwh輌chdonot
containOatoMinthearomaticring(s).
Therefore,weconcludethatsuchahighgvalue
musthavearisenfromanO-richrad量calf()nnedbythe
fi stvvateroxidationprocessindheKok'scycle.The
mostprobablecandidatew皿kdbean(HOOH・)'radical
'
bo皿dtotheMncomp】exthatwaspredlctedl48]to
appearintheS3stateasthethirdbridgingligand
(70)
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betweentheputativedi一μ一〇xobridgedMn{111)and
Mn(IV)ions,onthebasisoftheMOstudiesonthe
deprotonationenergetigs・fthewatersplittingreacti・n
takingPlaceonthecatalyt輌cbinuclearII血crosu㎡face,
because6)the(HOOH・)'radicalintheS3statecanbe
theonlymodelasanintermediateproductobtainedby
removingtwoprotonsandoneelectronfromawater
dimer,inaccordancewiththeobservedstoichiometryof
protonsreleasedfromthewateroxidiz輌ngcomplexper
P680duringtheS-statecycle,i.e.L2:0.2:0.95:1.65at
pH65fortheSo→Sl,Si→S2,S2→S3and
S3→(S4)→Sotransitions,respectivelyI49▲;(ii)this
radicalcanbetransientlygeneratedinbufferedaqueous
solutionatthefirststepintheoxidationofMblllby
H202150];and(iii)thegvalueofthisradicalis
expectedtobelessthanthatofOH・(=2.OllI38】)but
muchlargerthange,andtheseconditionsarewell
satisfiedbyg2=2.011.Ifthisisthec包se,theunpaired
electronmustoccupyaσ一typebondingorbitalbetween
twoOatomswhichcoUldbebothpromotedtoprovide
threeapProximdte2sp2hybridorbitalsandtwolone-pair
orbitalsifoneO.atomiscoordinatedtoMn(III)andthe
othertoMn(IV)ioninthedi(p-oxo)Mn2(III,IV)subunit.
Moreover,thetwoOatomswithseparationofca.1.43
Aarebondedbyadoubly-occupied(2sp2)πorbital.
Consequently,wesuggestthattheflash-inducedopticd
absorptionspectrumpeakedat=310nm(malnband)
andz350nm(shoulderband)maybeassignedtothe
n→ σ*and(2sp2)π→ σtransitionsintheO-Obond,
respectively.Inaddition,itisimportanttonotethatthe
Mn(IV)-ObondmustbestrongerthantheMn(m)-0,
givingrisetosuchanasymmetricbridgeIigationas
schematicallydepictedinFig.4A,whichinturnleadsto
asmall(2Ja2-Jb2)ineq37duetoalargebodyof
cancellationbetweentheexchange輌nteractions,2Ja2and
Jb2.
hdeed,wehaveshownthatonlythis(HOOH・)'
radicalcanreasonablyexplainthedoubletcomponentof
th・S3'Signal・・lywhe・itformsa・imil郷y㎜・ni・
thirdbridgingligandbetweenthedi-p-oxobridged
Mn(m)andMn(IV)ionsontheoppositesideofthe
otherpairofMn(IV)ionsintheSF112Mn-teぬmer,
whichwouldtakeadistdrtedstructure(modelA2cin
Table1),andwhosespinwave血mctioncouldbe
approximatelyexpandedaseqswith一θo=63-65。.
Namely,only由isspecialformoftheMn・radical
complexhasbeenshowntosimultaneouslysatisfy也e
followingthreeconditionsforthenear-symmenicand
hencenear-isotropicS3'signa1:(i)anextremelysmall
effectiveexchangeinteraction,i.e.IJ121=100-200G;
and(ll)muchsmallermagneticdipOlarinteractions,Le・
lDl21<<IJi21andIEi21<<IJ121,whenthephaseanglege
happens obeshiftedintoanarrowrangewithin±lo
aroundthemagicphaseangleOBA(conditionω)which
mustlieslightly(2。-5。)above-60。(condit輌ons(ii})、For
thishapeningtotakeplacew"hanapprecibleprobability
(roughlyestimatedas=O.23*wd・O.16aqcordingto
GilchristetaL【22】),theremustexistaninhomogeneous
distr輌butionofJl2atleastintheS3`state.Infact,the
wingcompone賊oftheS3`signalhasbeenshownto
arisefromdifferentMn-radicalcomplexeshavingmuch
1肛gerJ'12thanlOO-200G,althoughthepercentageof
thesecomplexesseemstobeonly=8%(=23%*ww).
Furthermore,them司o撤yofMn-radicalcomplexes(=
77%)areknowntobeEPR-silent,andwehave
proposedthisisbecausethesecomplexescarrynonet
magneticmomentsowingto'」12》kBT(thesinglet
groundstate).Th皿s,wehavepointedoutthattheS3`
state sevidentlyinhomoge配ous,suggestihgthatthe
Ca2+cofactorisboundneartheMncomplex,andits
depletionwouldresultinavarietyofrelaxed
conformationalstatesoftheMncluster.Recently,
Yachandraetal.14]proposed,basedonEXAFS
measurements,thataCa2+ionislocatedapprox.3.3A
ぶ の
fromMn,supPortingoursuggestion・
Ontheotherhand,adimer-of」dimersmodel
proposedonthebasisofEXAFSdata【4】must
uniquelycorrespondtothepresentmodelBasdepicted
inFlg.4B,whosespinwavefunctioncanbewell
describedbyeqswithθobe輌ngalwaysnearO。.Wehave
shownthatonlythemOdelBacanbeconsistentwiththe
near.symmetricandhencenear-iso加picsplitEPRsignal
inavanishinglysmallrangeofθoaro皿d-1.050(s㏄
Table1),But,suchasmallOohasbeenshowninFig.6b
tocauseanenhancedhype㎡fmestructureinthewing
regionsagainsttheexperimentalobservation.Hence,itis
(71)
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conc】ude輌ifMoublets声 ㎜in血eo目e鵬d
Ca2+-depletedPSIIisobservedtobereallyisotropic
bothi叩os泊on組dinintenslりr,theMn-radicalcomplex
mustbelongtomodelA2c,butif"issoonlyinposition,
重hecomplexcanbeeitherrnodelAorBasfarasthe
spectral▲ineshapeisconcerned,becausethenthemagic
angleeffectdescribedjnSection5.3musthavehappened
totakeplace.
十
ApptAdixAMatrixeEementsofprojectionoperators
{Pi=Si'Sl/【Sl(S1+1)];i…=a-d}inthe[SabScdSl}
representatton
〈SabS・・SIMIp.ISabS。、SIM>・
{⊥.S曲(Sab+1)-Sω(Sω+1)}
2S1(S1+1)2
己 ・Sa(Sa+1)-Sb(Sb+12Sab(Sab+1))}δ・。・。,
t(S1+Sah・S頃+2)(-S1+S曲+S。d+1)(SrSめ+Sω)】V2
and
〈S。bSedSIMIp・IS・・S。dSIM>一
2S1(Sl+1)(Sah+1)[(2Sal,+1)(2Sah+3)】ve
{(Sa+Sb+Sab+2)(Si-Sb+Sab+1)
(-S、+S、+Sah・1)(S、+S、-Sab)】lt2δ,。、。.1
(A1)
{去・Sω(Sed+1)-S.'(Sab+12S
l(Sl+1))}
己 ・Sd(s;嘉講+1)}δ 』S。・
【〈Sl+Sめ+S。d+2)(-SI+S出+Sω+1)(SrSめ・Sω)]1/2
〈s。bSdSl幽臨sωSIM>・
{⊥・Sab(Sah+D-Sed(S・d+1)}
22Sl(S1+1)
弓 ・Sb(Sb+1)-Sa(Sa+12Sab(Sab+茎))}δ・a、・ab
」(S1+Sah+S。d+2)←Sl+Sah+S。d+1)(S1-Sab・Sed)】lf2
2Sl(Sl+1)(Sah+1)1(2S、b+1)(2Sah+3)]i/2
・[(S
a+Sb+Sab+2)(Sa-Sb+Sab+1)
(-S。+S・+S…1}(S、・S・-S。b)ll/2δ,、 s、b+1,
2Sl(S1+1)(SOd+1)[(2Sed+1)(2Sed+3)IV2
{(Sc+Sd+Scd+2)(Sc-Sd+Scd+1)』
(-S。+S・+S。d・1)(S。+S・-S.)1i」2δ,。d、。、+1・
(A4)
AppendixBAnisotropicexchangeorpseudo-dipolat
interac60nbetw㏄naMn(田)iOnandaliga皿dradical
Wediscussthemagneticinteractions
betw㏄ぬMn(III)ionindi(IA.-oxo)Mn2(m,IV)dimer
andanunpai爬delectron量nthethirdbridgingligandsuch
as(HOOH・)',byusingthexyzcoordinatesystem
definedinFig.12.TheinteractionhamiltonianHint
betweenthed-electronsandthe6-electroninag)2-
orbitalconSistsofadirectCoulombandsome
superexchange(K)interactibns:
(A2)
十
〈S・S。、SIMip,is・・S'。、SIM>・
{!.Sed(S・d+1)-S・・(Sab+1)}
22Sl(S1+1)
己 ・Sc(Sc+1)-Sd(Sd+12Scd(Scd+1))}δ・.・。d
[(St+Sab+S。d+2)(-Sl+Sah+S。d+1)(St-S、b+Sed)】V2
?
?ー?????
?
?
?
?
ー
?
?
?
↑
????
?
?
?
?
』
???
2S1(S1+1)(SOd+り{(2S。d+1)(2S。d+3)]Y2
{(Sc+Sd+Scd+2)(Sc-Sd+Scd+1)
(-S。+S・+S・d・1)(S。+S・-Sed)】V2δ,',、S。d+1,
(A3)
(B1)
1・th・5Ag・・u・d・t・t・・fth・M・(m)i・,th・cc。pi・d
d-orbitalsmaybeassumedtobe{d(xy),d(yz),d(zx),
d(3z2弓2)},w})icharedefinedas{dk;k=1,2,3,4}in
thisofder,owingtotheJahn・Tellerelongationaloワg曲e
.z-di.rectiDn.Theenergydifferencebetweeri
ferromagneticandantiferromagneticstatesdescribedby
SlaterdeteminantS,ld(xy)d(yz)d(zx)d(3z2-B)Ψ2}and
(72)
OntheOriginofaSplitEPRSignalfromaMod迫edS3'-StateofCa2'-DepletedPhotosystemllinPlants
Id(xy)d(yz)d(3z2-r2)Ψ21,respectively,definesthe
isoOmpicexchangeintegralJa2as
・・2・
2Si.1{∫・・ld(・・)・(ax)・(・y)・(・・2-r2)・y21'H・nt
・d(y・)d(zx)d(・y)d(3・2-・2)Ψ2
一1・Tld(・・)・(・x)・(・y)・(・・2- 2)司*H、
。,
・d(・)・(zx)・(・y)d(3・2-一・2祠}
・-
2Sl.18!・Ψ・1・n・1NJ・d・〉・
(B2)
givingriSetotheeffectivespinhamiltonianゴa2Sa・S2.lnヨ ド
thisexpression,theCoulombpotentialternsrCpresent
theferromagneticdirectexchangeandtheKtermsthe
antiferromagneticexchange.Theseexchangeinteractions
maycanceltoeachother,resul加ginaratherwea1(
exchangeinteradtion,possiblybecausetheclosed-shell
di-P
,-oxoionscanplayaninterveningro霊eondhe=900
ind鱈㏄texchange、
Ondleotherhand,theeffectofspin-orbit
interactionHLSainMna(II1)ionontheanisotropic
exchangeinteractioncanbewelldescribedbythe
lowest-orderperturbat▲onprocessinwhichthespin-
dependentinteractionisinvolved,asgivenby【32}
and
Ψ 。,,・【d(y・),d(・・),d(3・2-・2),d(・2-y2)1.(B3)
Thenon-vanishingmat6xelementsofLabetw㏄nthe
5SandsPstatesarefoundtobe
(Ψae.Ψ21L鍛1Ψ昭 Ψ、}・(ΨaeyΨ2LayΨagΨ2)
・(Ψ.。Ψ 、iLaz1N'、gN',)=-2i・
(B4)
(ytaglH・klyl.)(Ψ.Ψ,IH・。、1・llac・Ψ・XΨ記・IH臓』)
He,Kh=Σ
阜ピ ムE。g△Eピ9
ThematrixelementsofHintinthistripletmaybe
・PPr・xim・t・dbyJ.Sa・S2,JyS,・S2at・dJ,s。・S2,where
、 〈・(・2-y2)Ψ・1・。・1Ψ・d(・2-y2)>
Jx=Ja2+
2S・+1-〈d(y・)Ψ ・jh・
。、IY'・d(y・)〉
、 〈・(・2・一y2)Ψ・1・i。・1Ψ・d(・2-y2)>」
yニJa2+2S
・+1.〈 ・(zx)Ψ,1・i。,i,,、d(。。)〉
and
2J
z=Ja2+2S
a+1
(B3)
wh・reth・・thermi…pr・ e・se・haveb・・nhggl・ct・d,
ΨaginlΨagΨ2)representsthed-orbitalpartoftheSlater
d・t・rminant・fth・g・・und・tat・,andΨ。,i・1Ψ舵Ψ2)d・e・
thatofanexcitedstate.H】LSaMaybeapproximatedby
λaLa・Sa,whichconnectsthegroundsinglet(5S)andthe
excitedtriplet(5P)statesofMn(III)ionwhosewave
fUnctionsaregivenby
Ψacx=【d(y・),d{・y),d(3・2-・2),d(・2-y2)],
V。ey・【d(・y),d(y・),d(3y2--r2):d(・2-・2)]?
〈・(・2-y2)Ψ・1・n・IYf・d(・2-y2)〉
一〈d(・y)Ψ・lhl
。,1Ψ・d(・y)〉
Since△Eeg"'△E=10Dq(theconventionalc1ystalline
fieldparameter),wegetfromeqsB2.B4andB5
(B5)
叫 金)/'鑑!畿la'S2)S寸
(B6)
EqB6・皿 ・・tb・伽h・ ・simplifiedbecaUse・fs。=2,
whichisadifferentsitUationfromthecasesofNi(II)
withS=1andCu(II)WithS=互∫2.But,wedonotneedら
Hexch麓selfb誕do輌tseffectivespinhqmiltopjanコ
Hexch*intheS1=112groundstateofMn4(ln,IV,IVJV)
tetramerdescribedbythewave釦nαionΨ1(112,M)ofeq
カ
5.Hexch*canbeobtaiηedbythev㏄torpr句㏄Iion
me伽dbasedontheWigneFEck頒theorem【31]:
(73)
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脇 ・樹
with
?
s2x十c2Slx(s1'S2)slx}
s2+(b$y(s1・ら)Sy}
Ci2s泣(S1・S2)Slz}
{B7)
and
〈Ψ1(;m)・3Ψ1(1-m2)〉
〈Ψ1(lm)ll…311Nf1(;m)>
68=了 巳(eb);fo'i=x・y・z
烏綜
一一禦(・ ・)・輌 ・・・…(・・j)・
(B8)
(B9)
`
EqB7canbesimplifiedbyuseoftherelations(S1=112):
Sli3=Sli/4;i=x,y,zandSliSljSli=-Slj/4;㍉j=x・y・z(i
≠j)」tisnowStraightfbrwgrdtoshowthatanけ
anisotropicpartinHexch*yieldsthepseudo-dipolar
effectivespinhamiltoniangivenby
H国 ・(Epd一去D国)S1・S・・+(Epd+>D国)S1・S・・
2
+可D国S1・S…
With
and
(B10)
D、・一〔釜 〕2N・Pa(・・)・AJD--i(・・+J,一…)
(Bll)
・国 ・〔liE')2A・・P (・・)・N・-i(・一・,)・(B12)
FrOmeqB5,wecanesti'matetheaxialandrhombic
exchangeparts,△Jl)ofeq]Blland△JEofeq]B12,
respectively,as
and
N・ ・き{〈・(・)Ψ・1…1Ψ・d(・・)〉
+〈d(xz)Y・21h,,、1Ψ、d(xz)〉
一一2〈d(・y)Ψ21hi、,1Ψ2d{・y)〉}
・㌃ 〈・(・)Ψ・1・…1Ψ・d(・・)〉
N・ ・㌃{〈・(・)Ψ・1・i・llY'・d(・z)〉
一 〈d(y・)Ψ・1h、
、,IY'・d(y・)〉}・o・
(B13)
(B14)
Thevalueofλa/△Ecanbeestimatedfromtheobserved
9。-value(9zN1・963)accordingto血eapProximate
relation【51],λノムE=(2.0023-gz)!8ssO.005.Theref{)re,
thepseudo-dipolarteirmmaybeneglectedinthepresent
problem.
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